Background
Obstructive sleep apnea (OSA) is a condition that is reported to affect between 2-4% of adults in the United States and China [1, 2] . OSA is associated with a reduced quality-oflife, daytime hypersomnolence, increased frequency of accidents, cardiovascular complications, and reduced life expectancy mortality [3, 4] .
Polysomnography (PSG) is the 'gold standard' for the diagnosis of OSA, and the apnea-hypopnea index (AHI) has been used as the main parameter to stratify the severity of the disease. The AHI is derived from sleep apnea and hypopnea events detected within one hour during sleep. The duration of apnea in patients with OSA can vary widely, with periods of apnea or hypopnea lasting from between ten seconds to more than one minute. In some patients, although the AHI can be high, the duration of apnea or hypopnea may be short, and the AHI level may not reflect the degree of symptoms in patients with OSA, which include lethargy and mental sluggishness during the day. The main limitation of the use of the AHI is that it might not reflect the severity of the disturbance of breathing events during sleep in patients with OSA. Therefore, additional parameters are necessary that more accurately reflect demographic parameters, blood oxygenation, and sleep parameters in patients with OSA.
The mean apnea-hypopnea duration (MAD) is a parameter that incorporates the severity of breathing events during sleep. Although the use of the MAD has been previously studied in the pathophysiology of OSA, the relationship between the clinical utility of the MAD compared with the AHI, and with other sleep apnea risk factors and patient demographics remain unclear [5, 6] .
Therefore, the aim of this study was to compare the use of the MAD with the AHI as indicators of clinical and demographic parameters, blood oxygenation, and sleep parameters in patients diagnosed with OSA by polysomnography (PSG).
Material and Methods
Patients and study design A retrospective clinical study included patients who were >18 years-of-age and who had a diagnosis of obstructive sleep apnea (OSA) by polysomnography (PSG) between 2012 to 2017 in the Sleep Center, Beijing Anzhen Hospital. The diagnosis of OSA by PSG was supported with the use of he apnea-hypopnea index (AHI) of ³5 events per hour), as recommended by the diagnostic criteria of the American Academy of Sleep Medicine (AASM) [7] . Demographic and clinical information was extracted from the patient medical records. The Ethics Committee of the Anzhen Hospital approved the study protocol, and informed consent was obtained from all subjects who participated in the study.
Polysomnography (PSG) and sleep evaluation
The procedure of PSG in the sleep laboratory included continuous electroencephalographic (EEG) polygraphic recording using EEG leads, the use of right and left electro-oculographic leads, and chin electromyography for sleep staging. Electrocardiography (ECG monitoring during sleep, airflow measurement at the nose and mouth, and chest and abdominal respiratory movements were measured during sleep. Arterial oxygen saturation (SaO 2 ) was measured with pulse oximetry. Episodes and duration of snoring were recorded, and body positioning was recorded during sleep.
All sleep studies were interpreted according to the manual of the AASM for the Scoring of Sleep and Associated Events, by certified sleep physicians in China [7] . Sleep-stage scoring was done during 30-second intervals, by trained technicians, according to standard criteria. Apnea was identified when the airflow amplitude in the nasal cannula was <10% of baseline and when no flow occurred on the oral airflow sensor (thermistor). Hypopnea was identified when the amplitude of the airflow was reduced by 30% from the baseline, and the event was followed by 4% O 2 desaturation. The AHI was defined as the total number of apnea events and hypopnea events per hour of EEG-monitored sleep. The Epworth Sleepiness Scale (ESS) questionnaire was used to evaluate daytime sleepiness.
Statistical analysis
Data were expressed as the mean ± standard deviation (SD) or the median (interquartile range). The correlations between the MAD and patient demographic parameters were analyzed, and the patients were divided into two groups, a short MAD group and a long MAD group, according to the median value of the MAD. Blood oxygen parameters, sleep structure, and the ESS score were compared between the two MAD groups using an independent t-test or the Wilcoxon rank sum test. The effect of the MAD was further explored by adjusting for the AHI. Correlations were tested using Pearson's correlation test. Data were analyzed using SPSS version 20.0 software (SPSS Inc., Chicago, IL, USA). A P-value of P£0.05 was considered as statistically significant.
Results

Baseline demographics
This retrospective study included 511 patients with obstructive sleep apnea (OSA) diagnosed by polysomnography (PSG). The patient ages ranged from 18-75 years and included 421 men and 90 women. Patient demographic and clinical parameters are summarized in Table 1 .
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Characteristics of the mean apnea-hypopnea duration (MAD)
The mean apnea-hypopnea duration (MAD) results showed a non-normal distribution. The overall MAD for all patients in the study (n=511) was 25 seconds (interquartile range, 20.4-30.4 seconds) ( Figure 1A ). The MAD in patients with mild OSA (n=117) was 21.5 seconds (interquartile range, 18.2-28.7 seconds) ( Figure 1B) . The MAD in patients with moderate OSA (n=134) was 24.0±6.3 seconds ( Figure 1C ). The MAD in patients with severe OSA (n=260) was 27.9±7.0 seconds ( Figure 1D ). The MAD was significantly, but mildly, correlated with the AHI (r=0.17, P<0.01). The MAD results showed no significant associations with patient age (r=0.08, P=0.06), body weight (r=0.014, P=0.75), and height (r=0.06, P=0.16).
Patients with OSA in the short MAD group and the long MAD group and blood oxygen and sleep parameters
Patients with OSA were divided into two groups, with a short MAD of <25 seconds, and with a long MAD of >25 seconds. The groups were defined by the finding that the median value for the MAD in the study population was 25 seconds. The differences in the two patients groups in the parameters of blood oxygen levels, sleep structure, and the Epworth Sleepiness Scale (ESS) were compared.
There were no significant differences between the two MAD groups in patient age, weight, and height. However, the blood oxygen parameters (average oxygen saturation, lowest oxygen saturation, and mean oxygen desaturation) of the long MAD group were significantly reduced when compared with those in the short MAD group. Also, in the long MAD group, the sleep latency was significantly shorter. Duration and proportion of Stage N3 or non-rapid eye movement (NREM) 3 sleep were significantly decreased. The duration and proportion of Stage N1 sleep, the arousal index, and oxygen desaturation index (ODI) were significantly increased in the long MAD group (all, P<0.05) ( Table 2) .
Patients with OSA in the short MAD group and the long MAD group and the AHI The AHI results were different in the patients with OSA and a short MAD of <25 seconds, and with a long MAD of >25 seconds. Therefore, the impact of AHI was excluded in the following analysis to determine whether the MAD was related to blood oxygen and sleep parameters. After adjusting for AHI, the MAD correlated with ESS, sleep latency, Stage N1 sleep duration, Stage N1 sleep component (%), Stage N3 sleep duration, Stage N3 sleep component (%), the arousal index, the average oxygen saturation (AOS), the lowest oxygen saturation (LOS), and the mean oxygen desaturation (MOD) ( Table 3 ).
In the overall study population, patients in the mild to moderate OSA group (n=251) and patients in the severe OSA group (n=260) did have significant associations with sleep pattern. In the mild to moderate OSA group, the MAD was only significantly correlated with the duration of Stage N3 or non-rapid eye movement (NREM) 3 sleep (r=-0.14, P=0.02) and with the proportion (%) of Stage N3 sleep (r=-0.16, P=0.01). Table 4 shows the associations between the MAD and the ESS, the duration of Stage N1 sleep, the proportion (%) of Stage N1 sleep, the duration of Stage N3 sleep, the proportion (%) of Stage N3 sleep, the arousal index (AI), oxygen desaturation index (ODI), AOS, LOS, MOD, in the group of patients with severe OSA (n=260), with increased R-values when compared with the whole study group (n=511).
Discussion
The aim of this study was to compare the use of the mean apnea-hypopnea duration (MAD) with the apnea-hypopnea index (AHI) as indicators of clinical and demographic parameters, blood oxygenation, and sleep parameters in patients diagnosed with obstructive sleep apnea (OSA) by polysomnography (PSG). The findings of this study showed that for patients with severe OSA, the MAD was an indicator of levels of blood oxygenation and sleep parameters that may be a useful addition to the clinical evaluation of patients with OSA. In OSA patients, the collapse of upper airway leads to intermittent hypoxia, changes in respiratory arousal, and negative intrathoracic pressure, which result in other pathophysiological changes. The findings of the present study supported that the MAD was a parameter that captured some important aspects of the pathophysiology of OSA. The distribution of the MAD changed with the severity of OSA, which might have been due to the required length of apnea and hypoapnea used in the current definitions from the American Academy of Sleep Medicine (AASM) [7] . In this study, the MAD was significantly, but mildly, correlated with AHI and had no correlation with patient demographic data, which are factors that can affect blood oxygen and sleep structure. The findings of this study support that the AHI reflected the frequency of respiratory events, while the MAD represented the severity of respiratory events, and that these two indices are relatively independent, but may be complementary in the evaluation of patients with OSA.
The findings of the present study indicated that a longer MAD was associated with lower oxygen saturation in patients with severe OSA. Intermittent hypoxia is a major pathophysiological change caused by OSA, resulting in an increase in sympathetic nerve activity, systemic inflammation, metabolic dysregulation, endothelial cell injury, which may also aggravate cardiovascular disease including hypertension, arrhythmia, and arteriosclerosis. In a previously published study by our research group, patients with OSA and with a longer MAD had more severe hypertension when compared with patients with OSA and a shorter MAD [8] . Also, in this previously published study, when patients with OSA and hypertension were divided into three groups according to the severity of blood pressure, there was no significant difference in the AHI between the groups [8] .
In the present study, the results showed that with the increase in the MAD in patients with OSA, the respiratory arousal index (AI) deteriorated more than the oxygen desaturation index (ODI). The explanation for this finding might have been that the oxygen reserve was reduced when the AHI score was high, and a short period of apnea or hypopnea might cause a significant oxygen desaturation, but this may not trigger respiratory arousal. In this study, patients with a longer MAD had a shorter Stage N3 or non-rapid eye movement (NREM) 3 sleep and a longer Stage N1 of sleep. When the MAD increased, sleep apnea appeared to be more likely to cause respiratory arousal, which might interrupt sleep stability, resulting in sleep fragmentation. The outcome might then be that the transition of Stage N2 (the longest stage of sleep) to Stage N3 is a vulnerable period that is interrupted in patients with OSA, and the overall sleep pattern becomes lighter. Therefore, the MAD might significantly interfere with sleep structure, especially Stage N3, the stage of deep sleep, even for patients with mild OSA. Because adequate Stage N3 sleep is required to prevent daytime sleepiness and to maintain normal daily function, the length of the MAD was also shown to be associated with an increased Epworth Sleepiness Scale (ESS) score, which with a shorter sleep latency, is also a manifestation of excessive sleepiness caused by Stage N3 sleep deprivation [9] . The secretion of hormones, including human growth hormone and the melanin-concentrating hormone (MCH) also occurs in Stage N3 sleep and may affect growth and development [10, 11] . Stage N3 sleep also plays an important role in cognition and memory, and reduction of Stage N3 sleep in OSA may be an important factor for impairment of cognitive function [12, 13] . Because of the possibility that an increase in the MAD can lead to Stage N3 sleep deprivation that results in cognitive impairment, further studies are warranted to explore the impact of the MAD on cognitive function.
In this study, there was no difference in rapid eye movement (REM) sleep time between the OSA patients in the long MAD group and the short MAD group. During REM sleep, reduction of the pharyngeal muscle activity substantially increases the propensity for upper airway collapse. AI -arousal index; AOS -average oxygen saturation; ESS -Epworth Sleepiness Scale; LOS -lowest oxygen saturation; MOD -mean oxygen desaturation; ODI -oxygen desaturation index; TST -total sleep time. AHI adjusted and * means P<0.05.
in the REM stage, and vice versa. Therefore, if OSA patients are divided into two groups according to the duration of the MAD, as in this study, the REM sleep times between these two groups may be similar.
Previously published studies have shown that following surgical treatment for OSA, the AHI remained unchanged in some patients, but subjective symptoms were improved, possibly due to improvement in the MAD, and an improvement in the CT90 (the cumulative time to reach a SaO 2 <90%) was a better indicator than the AHI, indicating that the benefit of surgery include reduction in both the frequency and degree of apnea [14, 15] . Therefore, the AHI alone may not be a sufficient method to evaluate the effect of surgery for OSA, especially in those procedures that are unlikely to have an impact on AHI (such as nasal septoplasty). Postoperative evaluation of patients with OSA with AHI alone may underestimate the beneficial physiological effects.
There were some limitations of this study. This study was retrospective, was performed in a single center, and included a relatively small study population. To evaluate the effects of using the MAD, there is still a need for further prospective, largescale, controlled studies to examine the relationships between the MAD and other objective parameters, especially cardiovascular complications associated with OSA. Also, the value of the use of the MAD in evaluating the clinical effects of upper airway structural abnormalities should also be studied in future.
Conclusions
The findings of this study showed that, for patients with severe obstructive sleep apnea (OSA) diagnosed by polysomnography (PSG), the mean apnea-hypopnea duration (MAD) was a useful indicator of blood oxygenation and sleep parameters, which could better demonstrate the severity of apnea independent of the apnea-hypopnea index (AHI), patient age, height, and body weight. The use of the MAD, in combination with the AHI, in patients with OSA might provide more information in evaluating the detrimental effects of OSA.
